An enzyme system is described which oxidizes 1-aminocyclopropane-l-carboxylic acid (ACC) to ethylene under physiological conditions. It comprises linoleic acid, pyridoxal phosphate, manganese, and lipoxygenase (linoleate:oxygen oxidoreductase, EC 1.13.11.12). It requires oxygen and is specific for manganese; it can operate but only with greatly reduced yield in the absence of pyridoxal phosphate.
greatly reduced yield in the absence of pyridoxal phosphate.
An enzyme with the same properties was prepared from microsomal membranes of the seedling shoots of peas. Both have similar reactions to a variety of inhibitors and other reagents. The properties also resemble those of at least two of the in vivo systems recorded ih the literature. Intact green oat leaves also contain a similar system. Because there is a growing body of evidence that ethylene formation is associated with cell membranes and because the yields of ethylene from the complete system are much higher than those recorded for' other enzymes, it may be identical with the in vivo system acting in senescent leaves.
Through the work of Adams and Yang (1) and of Lurssen et al. (2) , the route for the formation of ethylene from methionine via S-adenosylmethionine and 1-aminocyclopropane-1-carboxylic acid (ACC) seems well established (cf. ref. 3 ). However, the mechanism of the last step-namely, the oxidation of ACC to ethylene-remains obscure. The reasons for this are of two kinds:
(i) Although ethylene is produced freely from both green leaves and green fruits, the enzyme itself has up to now been able to be prepared only from etiolated seedling, fruit, or flower tissues (4) (5) (6) (7) (8) . In green leaves the enzymatic activity is lost on grinding (8) . The enzyme produces only small yields of ethylene, and in only one case has such an enzyme been purified (6) .
(ii) The many interactions of the ACC-oxidizing system with light (9-12), cytokinins (13) , carbon dioxide (10) (11) (12) 14) , EDTA (7) , catalase (7) , and reagents for free radicals and sulfhydryl groups (7, 15, 16) In view of these complications, it seemed wiser, before making further attempts at purification, to explore known enzyme systems considered likely to carry out the reaction. For such an exploration some guidance that limits the field is needed. An important lead was furnished by the growing number of indications that the formation of ethylene is in some way connected with cell membranes (7, (15) (16) (17) (18) ; indeed Legge et al. concluded flatly that "a step in ethylene biosynthesis may be membrane-associated" (18) . The requirement for oxygen (and not mere proton transfer) in the conversion of ACC to ethylene indicates the participation of an oxidase or free radicals, or both. Among the enzymatic changes in leaf senescence, for instance, is a marked increase in lipoxygenase (linoleate:oxygen oxidoreductase, EC 1.13.11.12) (19, 20) . Another lead was given by our own preliminary experiments in which peroxidase plus H202 yielded some ethylene; however, not only has peroxidase been shown to be inactive (21, 22) , but also in our experiments the boiled enzyme was equally effective, which indicates that probably a metallic impurity was acting as a catalyst.'Metallic ions, particularly iron and manganese, are known to catalyze the nonenzymatic reaction with H202 (23), but this'reaction is not highly specific for a given metal. In our preliminary experiments with H202, iron was actually a more effective catalyst than manganese, whereas in the reaction to be described here, manganese is specifically required. Participation of a metallic ion in the in vivo oxidation would give a ready explanation for the strongly inhibiting effect of chelating agents both on ethylene production and on the related syndrome of senescence (5, 14, 24) . These pointers have proved to be useful guides.
We report here a model system that uses a metallic ion, is associated with membranes, and is not only more active'than those previously described but also exhibits a number of properties that correspond well with those of the natural system in the senescence of leaves.
MATERIALS AND METHODS
Incubation of ACC with Enzyme. The reactions were carried out in 5-ml vials. Unless otherwise stated, the reaction mixture contained 1 mM ACC, 1 mM linoleic acid, 0.1 mM MnCl2, 0.1 mM pyridoxal phosphate (pyridoxal-P), and 10 mM sodium [4-(2-hydroxyethyl)-1-piperazinepropanesulfonate (NaEPPS) buffer (pH 8.0). To this, 20 10 ,000 x g for 20 min. The supernatant was then centrifuged at 100,000 x g for 1 hr. The pellet was solubilized with 10 mM NaEPPS buffer by using 2 ml for 10 g of fresh weight of tissue. The suspension (100 ,ul) was added to the reaction mixture instead of the 20 ,ul of lipoxygenase. Data with this preparation are given in Table 4 .
Incubation of ACC with Oat Leaf Segments. The experiments of Table 5 The complete medium is that as described in Materials and Methods. The total volume of solution in each 5-ml vial was 1 ml. *Numbers in parentheses show the percentage of theoretical yield. One milliliter of the complete medium was present in all cases in a 25-ml vial.
The time span over which ethylene continued to be produced was also somewhat lengthened by pyridoxal-P. Table 2 shows that, as might be expected, the reaction is strictly dependent on oxygen. It is noteworthy that both higher and lower levels of CO2 had effects on the yield, which would not be expected for the normal function of lipoxygenase. There was, however, some variation of pH at the end of the reaction.
By using concentrations close to optimal, the effects of a number of inhibitors and other reagents were explored (Table 3). For comparison, the table also includes the effects of these reagents on the natural enzyme prepared from etiolated pea seedlings (cf. refs. 5 and 7). The system is evidently very sensitive to reducing agents, as shown by the powerful inhibition by mercaptoethanol, dithiothreitol, and ascorbate. The insensitivity to KCN and azide but sensitivity to salicylhydroxamic acid suggest the similar behavior of the "alternative" oxidizing system, which is shown to be the main channel for oxidation in green leaves (e.g., see ref. 25 ). The Spermidine 500 69 The complete medium was as described under Materials and Methods. Volume of solution in each 5-ml vial was 1 ml. All concentrations were 1 mM except mannitol (10 mM). *The catalase may have become partly inactivated. (27) . The system is evidently unaffected by 2,4-dichlorophenol at 1 mM and by indoleacetic acid. The close agreement between the reactivity of lipoxygenase and that of the pea enzyme (Table 4) is very satisfactory, although this is a relatively impure preparation. It would not be impossible for the two enzymes to be the same. Finally, comparison is made with the production of ethylene from ACC by oat leaf segments that have been allowed to take up the constituents of the model system. After 3 hr of uptake, they were incubated as usual in the sealed 5-ml vials ( Table 5 ). The natural enzyme of the leaves had the same response to the constituents of the model as did lipoxygenase. Because Tween is a stearate, the last line of the table refers to a linoleic acid preparation made with 0.1% ethanol; it shows that Tween was not the source of the ethylene.
DISCUSSION
The effectiveness of the lipoxygenase system as a model for the ACC -oxidizing enzyme of leaves is enhanced by the widespread occurrence of this enzyme in plant tissue, although it normally makes only a minor contribution to their total respiration. Linoleic acid is a constituent of plant membranes, and the association of ethylene production with membranes was noted above. Leshem has shown that the activity of lipoxygenase in pea leaves increases greatly during senescence and that cytokinins decrease its level in leaves (19, 20) ; these findings give support to the idea of a parallel betweel senescence and the lipoxygenase system. The presence of lipoxygenase in the etiolated pea shoots is proven by the great decrease in the liberation of ethylene by the extract when linoleate is omitted (Table 4) . Ethylene production was earlier shown to be stimulated by peroxidation products of linolenic acid (28) , but that acid apparently does not transfer '4C to ethylene (29) .
That a membrane lipid acts as a substrate in the present system is not only in line with the evidence noted in the Introduction and with the relationship between senescence and lipid peroxidation established by Dhindsa et al. (30, 31) (33) .
The necessity for the presence of manganese makes a and of Vioque et al. (7, 8) and with the purified enzyme of Shimokawa (6) ; the first-named workers, indeed, may have been operating with the present enzyme, acting on the small amount of linoleate present endogenously. The fact that the enzymatic activity that they found to be originally present in particles went slowly into solution may perhaps be explained as due to the slow hydrolysis of membrane fragments by the hydrolases that are typical of senescence. However, the Shimokawa enzyme is an obligate indoleacetic acid oxidase, while the lipoxygenase system is not affected by indoleacetic acid (Table 3 ). The Shimokawa enzyme also requires not only indoleacetic acid and dichlorophenol, but it exhibits a 1-hr lag period, which the lipoxygenase system certainly does not.
Just as strict as the need for manganese is the evident requirement for pyridoxal-P, for the coenzyme was found essential in the enzymatic conversion of S-adenosylmethionine to ACC (26) , in the total conversion of methionine to ethylene by illuminated chloroplasts (34) , and in the enzyme systems of the olive leaf and citrus peel (6, 8) . It even was required in the nonenzymatic oxidation of ACC to ethylene by H202 in the presence of manganese at pH 11.5 (23) .
Thus, the requirements of the enzyme system described here are fully consistent with the requirements of a number of recent studies of in vivo systems.
The partial inhibition (about 30%) of ethylene production given by spermine and spermidine at 1 mM is suggestive because these polyamines are reported to react rapidly with pyridoxal-P to form Schiff bases (35) . Their role in delaying leaf senescence is also well documented (36) .
Some importance must be attached to the yields of ethylene obtainable from ACC by any enzymatic candidate for possible identity with the natural enzyme (or with one of them if indeed there are several). While nonenzymatic oxidation can yield ethylene up to 70% of the theoretical (37), the pea stem preparations so far reported yield less than 1% (4, 5, 7) . The xanthine oxidase system yielded only 0.003% in 1 hr (38) . The lipoxygenase-linoleate system, in the presence of Mn and pyridoxal-P, yields 4% of the theoretical yield within 1 hr, and in longer term experiments yielded over 16% ( (1984) tems that produce a small amount of oxidizing free radical, to which ACC is apparently quite susceptible; these perhaps may be enzyme systems that operate primarily in crushed or wounded tissue. The enzyme of apple and of mungbean hypocotyls, which is stereospecific, operates in vivo (39) , and Table 5 demonstrates that the lipoxygenase-linoleate system also causes in vivo production of ethylene in senescent leaves.
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